We examine the images of hundreds of planetary nebulae (PNe) and find that for about one in six PNe the morphology is too 'messy' to be accounted for by models of stellar binary interaction. We speculate that interacting triple stellar systems shaped these PNe. In this preliminary study we qualitatively classify PNe by one of four categories.
INTRODUCTION
The mass-loss rate and morphology from evolved stars are sensitive to the presence of close stellar and sub-stellar companions. Planetary nebulae (PNe) form the richest group of nebulae around evolve stars. The study of central binary systems of PNe alongside their morphologies, e.g., the alignment of the binary axis with the PN symmetry axis (Hillwig et al. 2016b ) can teach us a lot about the strong interaction of binary stellar systems (e.g, De Marco 2015; Zijlstra 2015) . The majority of studies have concentrated on binary system progenitors of PNe and proto-PNe, which either experienced a common envelope evolution (CEE; e.g., limiting the list to papers from 2016, Chiotellis et al. 2016; De Marco et al. 2016; García-Rojas et al. 2016; Harvey et al. 2016; Heo et al. 2016; Hillwig et al. 2016a,b; Jones 2016; Jones et al. 2016 ), or avoided a CEE (e.g., Lagadec et al. 2011; Decin et al. 2015; Gorlova et al. 2015) . Recently the interest in triple-stellar evolution with mass transfer and mass-loss has grown (e.g., Michaely & Perets 2014; Portegies Zwart & van den Heuvel 2016) , including in PNe (e.g., Jones 2016) .
Only a small number of papers considered the shaping of PNe by triple stellar systems. These studies include the role of a wide tertiary star at orbital separations of a 3 ≈ 10 − several × 10 3 AU in causing a departure from axisymmetry, such as in the PN NGC 3242 (Soker et al. 1992) , and the formation of an equatorial spiral pattern (Soker 1994) . Another setting is of the tight binary system that accretes mass from the wind of the AGB star, and one or two of the stars launch jets. When the inner orbital plane of the tight binary system is inclined to the orbital plane of the tight binary system around the AGB star, the morphology of the descendant PN might be lacking any type of symmetry (Soker 2004) , i.e., be a 'messy PN' (highly irregular), as demonstrated by Akashi & Soker (2017) . Soker (2004) listed several PNe that might have been shaped by a triple stellar progenitor, including IC 2149, NGC 6210, and NGC 1514 that we also mention in the present study.
A tertiary star might influence the mass-loss process as to impose a departure from any kind of symmetry in the descendant PN. Although binary systems, such as those of eccentric orbits, can also cause departure from axisymmetry (e.g., Soker & Hadar 2002) , they cannot lead to a departure from mirror-symmetry and point-symmetry together. Very wide tertiary stars, or even higher order hierarchical systems at hundreds of AU (e.g., as found by Adam & Mugrauer 2014 in the PN NGC 246), cannot play a role in shaping the morphologies studied in the present study.
An interesting case is the PN SuWt 2. Exter et al. (2010) propose that a tight binary system composed of A-stars were engulfed by the AGB stellar progenitor of the PN SuWt 2, and survived the CEE. They further suggest that triple-stellar interaction might eject a high density equatorial ring (see also Bond et al. 2002) . However, Jones & Boffin (2017) conclude that the binary A-type stars is a field star system, by chance lying in the same line of sight as the nebular center, and it has no relation to the PN SuWt 2. Our morphological classification of SuWt 2 is compatible with the finding of Jones & Boffin (2017) .
In an earlier exploratory study Soker (2016) lists several possible processes by which a tight binary system can influence the mass-loss geometry from an AGB star, and form a 'messy' PN, including a progenitor AGB star that swallowed a tight binary system. The tight binary system can survive the CEE (Exter et al. 2010) , or else it is destroyed by merger with the AGB core or by tidal breaking-up inside the AGB envelope. One of the stars of the broken-up tight binary system might leave the system, or alternatively lose angular momentum in the break-up process and 'be drowning' in the AGB envelope, even to the point of merging with the AGB core. As well, one star might leave the system while the other star is drowning. In an alternative destruction process of the tight binary system, the two stars merge with each other and release a large amount of gravitational energy, leading to a very asymmetrical envelope ejection. A 'messy' PN is born. Soker (2016) assumes that messy PNe are descendant of triple stellar evolution, and estimates that about one in eight non-spherical PNe have evolved through one of these triple-stellar evolutionary routes.
In this still preliminary study, we set two goals. The first is to list many PNe that we speculate, based on a qualitative analysis of their morphology, were likely shaped by a triple stellar evolution. In some of them the three stars might have survived, and a search for a tertiary star is encouraged. The second goal is to examine the fraction of PNe that were likely shaped by triple-stellar evolution. We sort the PNe to five classes that we describe in section 2. In section 3 we list the number of PNe in each class, and estimate the fraction of PNe that are shaped by a triple stellar progenitor. Our short summary is in section 4.
MORPHOLOGY CLASSES
We distinguish only between classes according to the departure from axisymmetry, and do not consider the axisymmetrical morphology.
(1) Not shaped by triple-stellar system. These are PNe with well resolved images that have nice axisymmetrical (including spherical) or point-symmetric morphologies, and there is no indication for any influence of a tertiary star (although a tertiary star at a large separation or a sub-stellar tertiary body might be present). These PNe are usually classified as bipolar, elliptical and spherical. There are many examples for such PNe, e.g., PN G215. (Schwarz et al. 1992 ). Further classification of the different types of axisymmetrical morphologies can be found in, e.g., Sahai et al. (2011) and Stanghellini et al. (2016) .
(2) Shaped by a triple stellar progenitor. The morphologies of PNe in this class possess large departures from axisymmetrical and point-symmetrical structures, and in some cases from mirror-symmetry as well. We do not see signatures of interaction with the ISM, and assume that three stars, the AGB progenitor and two other stars, influenced the outflow and caused these departures from axisymmetry. Some possible triple-stellar evolutionary routes that lead to such features are discussed by Soker (2016) . We present images of four such PNe in Fig. 1 .
(3) Likely shaped by a triple stellar progenitor. These PNe possess departures from axisymmetrical and point-symmetrical structures, and in some cases from mirror-symmetry as well, but not as pronounced as in the triple progenitor (class 2) presented in Fig. 1 . We present images of four such PNe in Fig. 2 . Many of them were shaped by a triple-stellar system, but other explanations are possible for this class. For example, He(n) 2-428 [PN G049.4+02.4 in Table 1 ] is classified in this paper as likely triple. However, the alternative might be ISM interaction as suggested by Soker & Hadar (2002) (4) Maybe shaped by a triple stellar progenitor. These PNe, the maybe class, possess small departures from axisymmetrical and point-symmetrical structures. It is less secure to conclude that they have been shaped by a triple stellar system. For example, IC 4997 [PN G058.3-10.9 in Table 1 ] is classified by Soker & Hadar (2002) as 'typical bipolar PN' and 'bent'. This bending was attributed to a wide binary companion which lost mass in the AGB phase (for more details see Soker & Hadar 2002) . The possible alternative explanations for the departures of the morphologies of these PNe from axisymmetry are listed in the caption of Fig. 3. (5) Cannot tell. For PNe belonging to this group we could not tell whether a shaping by a triple stellar system might have taken place. There are two main types of images that fall into this classification. In the first type the inner region is not resolved, e.g., as for the PN G118.0-08.6 [Vy 1-1] (Manchado et al. 1996; Parker et al. 2016 ). In the second type the PN seems to have been significantly shaped by interaction with the inter-stellar medium (ISM), e.g., there is a bow-shape structure in the outer regions as in PN G219.1+31.2 [Abell 31] (SkyHound catalog) and PN G204.0-08.5 [A 13], (Manchado et al. 1996; Parker et al. 2016) . Moreover, the PN might be located in a dense stellar population that hints on a dense ISM influencing the shaping, such as for PN G192.5+07.2 [HDW 6] (Manchado et al. 1996) and for PN G336.8-07.2 [K 2-17] (Schwarz et al. 1992; Parker et al. 2016) .
The above is a qualitative and somewhat subjective scheme of classification based on visual inspection of images of PNe. This qualitative-subjective classification might be wrong for some particular PNe. Indeed, there were PNe that the two authors attributed to different classes. However, by the two authors examining independently tens of images, we found that the general statistics holds the same despite some particular PNe that are classified differently. For that, we hold that the statistical conclusion, that is the main goal of the present study, is robust. Fig. 1. -Examples of four PNe to which we attribute high probability that they were shaped by a triplestellar system (the triple progenitor class) . These PNe share large deviations from any structure of symmetry. They contain neither a symmetry plane, nor a symmetry axis, nor a point-symmetric morphology. More examples are presented by Soker (2016) . The PN NGC 5189 has a central binary system with an orbital period of 4.05 d (Manick et al. 2015) . Danehkar & Parker (2015) and Sahai et al. (2011) .
STATISTICS
We have reviewed 656 PNe from the Planetary Nebula Image Catalogue (PNIC), compiled by Bruce Balick (started with his seminar paper Balick 1987). We also examined 3494 PNe from the HASH catalog Bojicic et al. 2016) , most of which belong to the class of 'can not tell'. The PNe in the HASH catalog are classified as to the confidence in being a true PN (e.g., 'True PN', 'Likely PN', 'Possible PN'). We only include in our statistics (see Eq. 2) 'True PNe'. In Table 1 we list all the PNe from the PNIC catalog that belong to one of the categories of not shaped by a binary system (triple stellar system, likely triple, and maybe triple). We also list several PNe from the HASH catalog; we list the rest of the PNe from the HASH catalog that belong to the classes of not shaped by a binary system in Table A1 in the appendix. Fig. 2. -Examples of four PNe to which we attribute medium probability that they were shaped by a triple-stellar system (the likely class). These PNe share deviations from any structure with a symmetry. They contain neither a symmetry plane, nor a symmetry axis, nor a point-symmetry. These deviations are smaller than those in the PNe presented in Fig. 1 . Possible alternative explanations for the deviations from axisymmetry might be as follows. For NGC 2440 an interaction with the ISM (Ramos-Larios & Phillips 2009; recently Lago & Costa 2016 found that a torus that is segmented at least in three parts, reproduce the observations). For NGC 4071 an interaction with a dense ISM might explain the unequal bright regions on the two sides, but it cannot explain the tilted "equatorial" stripe. For NGC 2899 bending of jets launched by the secondary star; they are bent by a wind from the primary star. For PN G288.4+00.3 an alternative explanation might be an interaction with a very dense ISM cloud or entering a CEE of an eccentric binary system. Credit for images are as follows. NGC2440 [PN G234.8+02.4]: NASA, ESA, and K. Noll (STScI). NGC 4071 [PN G298.3-04.8]: Górny et al. (1999) . NGC2899 [PN G277.1-03.8]: Drew et al. (2014) . Hf 38 [PN G288.4+00.3]: Parker et al. (2016) and Bojicic et al. (2016) .
Most of the PNe in the HASH catalog contain an overexposed internal region that prevents us from classifying these PNe. For that we will use the PNIC as a minimum estimate and the HASH as maximum estimate for the effect of tertiary star on the shaping of PNe. We note that alternative explanations to the Fig. 2 , but for PNe to which we attribute low probability that they were shaped by a triple-stellar system (the maybe class). For these PNe we consider the alternative explanations to be more likely than a triple stellar shaping. The broken ring in SuWt 2 could be the result of the onset of a CEE, the unequal lobes of NGC 7048 and NGC 2818 could result from instabilities in the process of launching the jets, and NGC 7094 could have been shaped by the ISM. Credit for images are as follows. Vázquez (2012) .
distorted morphology include eccentric binary (e.g., Soker & Hadar 2002) , ISM interaction (e.g., Tweedy & Kwitter 1996; Rauch et al. 2000) , wide binary companions (e.g., Soker 1994) and precession of a jet launched by a binary companion. In the later case, one jet might be tilted towards the denser AGB wind, hence the two jet-inflated lobes on the two sides of the equatorial plane will not be equal. The numbers of PNe we attributed to each of the five classes described in section 2, and for the two catalogs, are listed in Table 2 .
The study of the PN M2-29 [PN G004.0-03.0] demonstrates the 'tension' between a triple stellar system progenitor and an eccentric binary. Hajduk et al. (2008) suggested that this PN was shaped by a triple stellar system. They claimed that this system includes two stars that orbit the central star of this PN. The close stellar companion has an orbital period of about 23 days, and the tertiary star orbits the inner binary system with an orbital period of about 18 years. In a follow-up paper (Gesicki et al. 2010 ) they abandoned the triple stellar explanation, and instead considered a binary system in an eccentric orbit to account for the azimuthal asymmetry. The orbital period of the binary system in their new model is in the general range of 200 days to about 100 years. The PN M2-29 is not listed in the PNIC and in the HASH it is classified by us as cannot tell by the morphology, so it is not in our tables. According to its morphology we would have classified it to the likely shaped by triple stellar system group.
We now crudely estimate the fraction of PNe that we expect to have been shaped by a triple stellar system, under the assumptions of the classification. We simply attribute to each PN in each of the four classes where we could tell the morphology, a probability of being shaped by a triple stellar progenitor. We assign a probability η n = 0 to each PN in the class of not-shaped by a triple stellar system. The probabilities of the other classes are assumed simply and very crudely to be η m = 1 3 for the maybe triple class, η l = 2 3 to the likely triple class, and η t = 1 for the triple progenitor class. The total number of PNe in the four classes is 275. We then calculate the probability of being shaped by a triple stellar progenitor according to the classification of the PNIC
The same calculation for the classification of PNe from the HASH catalog, where there are total of 372 PNe in the four relevant classes, gives
The HASH catalog contains many PNe in the cannot tell class. Some of the PNe for which we could not tell whether they have been shaped by a triple stellar system, are resolved in the PNIC. For these PNe we took the classification according to our classification from the PNIC.
Over all we find that the probability of a PN to be shaped in a noticeable manner by a triple stellar progenitor is P (triple) ≈ 13 − 21%, or about one in six. Soker (2016) estimates that about one in eight (≈ 12.5%) of non-spherical PNe is shaped by a process by which the AGB progenitor swallows a tight binary system. Considering other triple-stellar evolutionary routes that do not contain a tight binary system, like a tertiary star further out, the fraction is higher. Therefore, the probability found from our classification, P (triple) ≈ 17%, and that estimated by Soker (2016) are compatible.
SUMMARY
We have examined hundreds of images of PNe from two catalogs, as summarized in Table 2 . We then apply qualitative criteria for classifying them according to their departure from spherical symmetry, axial symmetry, and point symmetry. We conjecture that these types of departures might result from the interaction of triple-stellar systems (Soker 2016) . We then attributed different confidence levels to this conjecture (section 2). We consider PNe with large departures from any kind of symmetry, like the four examples presented in Fig. 1 , to have been shaped by a triple-stellar system. Namely, we take the probability that the progenitor of these PNe were triple stellar system to be almost 100 per cents, η t = 1. We then built two other classes where the confidence levels are lower, η l ≈ 0.67 for the likely class with four examples presented in Fig. 2 , and η m ≈ 0.33 for the maybe class with four examples presented in Fig. 3 .
Our analysis under the above conjectures and the crude confidence levels, suggest that ≈ 13 − 21% of all PNe were shaped by interacting triple stellar progenitor (section 3). Namely, about one in six PNe are shaped by a strongly interacting triple stellar system. As discussed by Soker (2016) , this is compatible with what we know about the initial mass function of multiple stellar systems.
Although the subjective visual inspection might lead different researchers to classify particular PNe to different classes, the overall statistical result is robust and will not depend on the classifying person (within the range of ≈ 13 − 21%). For that, this preliminary study has one important guideline for future observations: look for a triple stellar system inside 'messy PNe'.
In some cases (beyond the topic of this paper), all three stars might survive (e.g., Exter et al. 2010) . Therefore, the search for a tertiary star in known binary central stars of PNe with highly deformed morphologies is encouraged. It is also possible that some AGB stars that have non-spherical mass-loss geometry interact with two stars. In these cases the search for triple stellar system is also encouraged. In some cases the tertiary object might be sub-stellar, namely a brown dwarf or a massive planet. In the latter, external planets might survive.
